Ródenas Diago, J.; Gallardo Bermell, S.; Weirich, F.; Hansen, W. (2014) Abstract: All materials present in the core of a nuclear reactor are activated by neutron irradiation. The activity so generated produces a dose around the material. This dose is a potential risk for workers in the surrounding area when materials are withdrawn from the reactor. Therefore, it is necessary to assess the activity generated and the dose produced. In previous works, neutron activation of control rods and doses around the storage pool where they are placed have been calculated for a Boiling Water Reactor using the MCNP5 code based on the Monte Carlo method. Most of the activation is produced indeed in stainless steel components of the nuclear reactor core not only control rods. In this work, a stainless steel sample is irradiated in the Training Reactor AKR-2 of the Technical University Dresden. Dose measurements around the sample have been performed for different times after the irradiation.
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Introduction
All materials present in the core of a nuclear reactor can be activated by neutron irradiation. When activated materials are withdrawn from the reactor, a dose is produced around them. This dose is a potential risk for workers and people staying in the surrounding area. Therefore, it is necessary to assess the activity generated and the dose produced.
In previous works [1] [2] [3] [4] [5] , neutron activation of control rods and doses around the storage pool where control rods are placed have been calculated for a Boiling Water
Reactor using the MCNP5 code [6] based on the Monte Carlo method.
On the other hand, most of the activation is produced in stainless steel components of the control rod. Indeed, many components in the nuclear reactor core are made of stainless steel. Therefore, the Monte Carlo model can be applied to the activation produced in a piece of stainless steel exposed to some neutron flux in a reactor. As well the dose rate around the activated piece can be measured.
In this work, a stainless steel sample is irradiated in the Training Reactor AKR-2 [7] of the Technical University Dresden. Dose measurements around the sample have been performed for different times after the irradiation. 
Methodology

Neutron activation
The activity generated in neutron reactions depends on reaction cross sections, neutron spectrum, neutron flux distribution, concentration of precursors of each radionuclide, and irradiation time. After irradiation, activities decrease with time and disintegration constants.
The interaction rate Q (reactions /cm 3 -s) is given by:
being C a normalization factor (at/barn-cm) depending on the target concentration;
Φ(E) the neutron flux (n/cm 2 -s); and σ(E) the microscopic cross section of the reaction (barn).
On the other hand, for each j-isotope generated, a matter balance can be done:
integrating, the concentration N j (nuclei/cm 3 ) of the j-isotope is obtained, being t i the irradiation time: For a cooling time t c the concentration N j becomes:
and multiplying by λ j to obtain activity:
A j (t) is a volumetric activity (Bq/cm 3 ). To obtain the total activity it is necessary to multiply by the cell volume. The maximum activity will be the asymptotic value, Q j , considering an irradiation time very long (~) and neglecting the cooling time.
Experimental measurements
The training reactor AKR2 [7] , acronym for Ausbildungskernreaktor 2, is located at The active zone of the core is made up of disk shaped fuel elements with a diameter of 25 cm. The height of the active zone is 27.5 cm.
For the experiment, the reactor is driven at a power level of P=0.59 W. This corresponds to a measured neutron flux of 2.5 E+07 n/cm 2 s. This flux has been measured in the central experimental channel of the reactor. The cross section of the whole reactor is shown in figure 1 .
A stainless steel sample type X8CrNiTi18.10 is irradiated for 10 hours in the central experimental channel of the reactor. The sample has cylindrical shape with a radius of 1 cm and a length of 7 cm. It has a volume of 21.99 cm 3 and a density ρ= 7.9 g/cm 3 . Thus it has a mass of 173.73 g. The composition of the sample is listed in 
Monte Carlo model
An activation Monte Carlo model has been developed using MCNP5. The interaction rate Q (eq. 1) is calculated using F4 tally and FM4 (tally multiplier card), which provides data for the reactions included in the calculation, listed in Table 2 .
The energy spectrum of fission neutrons [9] used for the simulation is the Watt distribution described by equation 6.
The Watt fission spectrum can be considered as a Maxwellian spectrum from a moving reference system [10] . The Maxwell fission spectrum alone describes the energy distribution of neutrons emitted by the fission fragments. This does however not include the kinetic energy of the fission ion fragments themselves. As both fission fragments are positively charged, they repel each other due to Coulomb force. This results in kinetic energy of the fission fragments. The Watt spectrum considers the Maxwellian distribution plus the fact that neutrons are emitted from moving fragments.
Thus it is more accurate than the Maxwellian spectrum alone. It is a continuous spectrum with an average energy of 1.98 MeV.
All tallies obtained with MCNP5 are normalized to be per starting particle. Therefore, activity is calculated per emitted neutron and per second, and it should be multiplied by the instantaneous neutron population that can be calculated as
where N  is instantaneous neutron population (n/s) P is the mean power (W) c is equal to 3.12E+10 fissions/W-s; and ν is the mean number of neutrons emitted per fission, equal to 2.47 neutrons/fission.
For the measured power of 0.59 W, a neutron population equal to 4.55 E+10 n/s is obtained. 
Dose rate assessment
Dose rate at different distances from the irradiated sample have been calculated using again the MCNP5 code and the F4 tally, now with the FMESH card that allows the user to define a mesh tally superimposed over the problem geometry. Hence, with F4MESH, fluence (cm -2 ) in nodes of a mesh has been obtained. If the source is expressed in photons/s, the tally will be obtained in particle flux (cm -2 s -1 ).
Using the DF4 card with appropriated conversion factors, air energy-mass absorption coefficients µ en /ρ extracted from National Institute of Standards and Technology (NIST) [11] for each photon energy of interest and multiplying by this energy, dose rate in MeV/g-s can be obtained. By means of an appropriated constant for conversion of units, dose rate can be expressed in μSv/h per emitted photon, taking into account that for photons 1 Sv = 1 Gy.
As stated above, MCNP5 results are always normalized to be per starting particle. So they must be multiplied by the number of photons/s emitted by the sample. That number can be obtained from the activity in Bq and the intensity (photons/disintegration) of each photopeak, data extracted from JANIS database [12] .
It has been simulated 100 million particles to obtain relative errors lower than 0.3 %.
MODE P, E has been activated to follow tracks of photons and electrons. A cutoff of 5 keV for electrons has been used in order to reduce the computation time.
Results and discussion
Activity
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Really many of the radionuclides produced in the neutron activation can be canceled from the list appearing in Tables 3 and 4 of Mn 56 . Therefore, only Mn 56 and only these 3 lines will be considered for dose assessment. Its relevance is due to the combined effect of higher activity generated in the irradiation and higher intensity of emitted photons corresponding to these photopeaks.
Dose
Doses calculated by MCNP5 and measured doses are compared in Tables 5 and 6 respectively for cooling times of 10 and 30 minutes. A good agreement between the experimental and simulated values can be seen. For 10 minutes cooling time, the maximal deviation between MCNP5 and experiment is 8%. For a cooling time of 30 minutes the maximal deviation is 12%. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 The MCNP5 values are partly above and partly below the measured values. Thus there is not a systematic error as for example an offset deviation. In average MCNP5 results tend to be below measured doses.
Conclusions
A Monte Carlo model developed to simulate the neutron activation in a reactor has been applied to calculate the activation of a stainless steel sample irradiated in the AKR-2 reactor of TU Dresden.
A Monte Carlo model has been also used with the MCNP5 code to assess dose rates at different distances from the irradiated sample, some time after irradiation.
Results of the simulation have been compared with experimental measurements.
Maximum discrepancies for distances up to 1 m from the sample are respectively 8 % and 12 % for cooling times of 10 and 30 min after the irradiation.
These results permit to confirm the validation of Monte Carlo models developed. Irradiation of reactor components in power reactors is very long compared to the time of irradiation of the sample in AKR2. A component in a reactor is irradiated up to 15 years in average. Thus, also radionuclides with high half life build up during the irradiation in power reactors, but they hardly appear in the current problem. However, this is not downgrading the model.
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